SNARE proteins are crucial for intracellular membrane fusion in all eukaryotes. These proteins assemble into tight complexes that connect membranes and may induce fusion. The crystal structure of the neuronal core complex is represented by an unusually long bundle of four ␣-helices connected by 16 layers of mostly hydrophobic amino acids. Here we report the 1.9 Å resolution crystal structure of an endosomal SNARE core complex containing four SNAREs: syntaxin 7, syntaxin 8, vti1b and endobrevin/VAMP-8. Despite limited sequence homology, the helix alignment and the layer structure of the endosomal complex are remarkably similar to those of the neuronal complex. However, subtle variations are evident that characterize different SNARE subfamilies. We conclude that the structure of the SNARE core complex is an evolutionarily conserved hallmark of all SNARE complexes and is intimately associated with the general role of SNAREs in membrane fusion.
sent an evolutionarily conserved superfamily of membrane-associated proteins that are differentially distributed among intracellular membranes 1, 2 . SNAREs are characterized by heptad repeats of ∼60 amino acids that are referred to as SNARE motifs.
Much of our knowledge is based upon the SNAREs that function in neuronal exocytosis. They include the vesicle protein synaptobrevin 2 (also referred to as VAMP-2), and the plasma membrane proteins syntaxin 1 and SNAP-25. Detailed investigations of their conformational changes and their assembly and disassembly have resulted in a coherent, although still controversial, concept for their role in membrane fusion 3 . As monomers, the SNARE motifs of these SNAREs are largely unstructured. Upon assembly, they roll up into a highly stable helical bundle, with the membrane anchor domains extending from one end of the bundle. This SNARE complex can be reversibly disassembled by the ATPase NSF and α-SNAP (soluble NSF attachment protein). When complementary sets of SNAREs are anchored in opposed membranes, assembly would tightly connect these membranes, thus largely overcoming the repulsive forces that prevent fusion 4 . Indeed, incorporation of SNAREs into liposomes causes fusion that is dependent on the ability of the SNAREs to form such complexes 5 .
Major support for this hypothesis was provided by the crystal structure of the neuronal SNARE complex 6 , a bundle of four α-helices that are aligned in parallel. Syntaxin 1 and synaptobrevin 2 each contribute one helix, whereas SNAP-25 contributes two helices to the bundle. In the interior, the helices form 16 layers of interacting amino acid side chains that are mostly hydrophobic and arranged perpendicular to the axis of the helix bundle. In the middle of the bundle, an unusual hydrophilic layer (0-layer) was discovered that consists of three Gln residues, contributed by syntaxin 1 and SNAP-25, and one Arg residue, contributed by synaptobrevin 2. These amino acids are conserved throughout the SNARE superfamily, which led to the classification of these proteins into Q-and R-SNAREs, respectively 7 . During assembly, the 16 interacting layers may form sequentially in a zipper-like fashion, beginning at the N-and progressing towards the C-terminus 4 .
Much less is known about SNARE complexes that function in other cellular fusion reactions. Comparisons of SNARE sequences suggest that the major hallmarks of the neuronal SNARE complex are conserved. These include the overall composition and length, as well as the positions of some interacting Fig. 1 Sequence alignment of the fragments in the neuronal SNARE complex (top lines) and the endosomal SNARE complex (bottom lines). Amino acids participating in layer formation are shown in red, and numbers of the layers are indicated on the top. Residues present in the crystal structure of the endosomal complex are boxed. Italic characters denote the remaining residues of the affinity tag. letters layers. Also, the biochemical properties of some of these complexes appear to be similar. For instance, individual components of the neuronal complex can be replaced by corresponding family members in vitro 8, 9 . The overall sequence identities between distant family members, however, are rather limited. Furthermore, only appropriate sets of SNAREs have been proposed to form fusion-competent complexes, implying that there are significant structural differences in the interacting surfaces 10 . Moreover, other compositions of SNARE complexes were reported, such as complexes containing two or more identical SNAREs 11 or five instead of four SNARE motifs 12 . Finally, based on the in vitro study of yeast vacuole fusion, the idea that SNAREs function as general fusion catalysts has been challenged 13, 14 . Thus, determining whether all SNARE complexes are formed by a bundle of four helices, whether features of the neuronal SNAREs are general hallmarks of all SNAREs and which of them reflect specializations that may have evolved to fulfill the highly sophisticated needs of synaptic vesicle exocytosis is essential.
Here we report the 1.9 Å crystal structure of an endosomal core complex containing four SNAREs: syntaxin 7, syntaxin 8, vti1b and endobrevin/VAMP-8. These SNAREs function in the fusion of late endosomes 15 . Although only distantly related to the neuronal SNAREs, the structure of the four-helix bundle formed by these SNAREs is remarkably similar in the overall structure and interactions, allowing us to deduce structural principles common to all SNAREs.
Structure determination
Initial crystallization attempts using the endosomal core complex 15 yielded only poorly diffracting crystals. When complexes were formed from segments that included only the regions corresponding to the layers -8 to 8 of the neuronal complex (Fig. 1 ), crystals were obtained that diffracted to better than 2 Å resolution on a laboratory X-ray source. The crystal structure of this complex was solved by molecular replacement using the neuronal SNARE complex as a search model and refined to an R-value of 17.6% at a resolution of 1.9 Å ( Table 1) . The model contains all residues of the protein fragments, with the exception of four nongeneric N-terminal amino acids (present due to affinity tagging) and some additional N-and C-terminal residues (Fig. 1 ).
Overall structure
The overall structure of the endosomal core complex (Fig. 2a) lends support to the hypothesis that SNARE complexes are generally formed by four-helix bundles, with the helices being arranged in parallel and connected by hydrophobic layers of interaction 7 . As predicted, endobrevin occupies the position of synaptobrevin 2 in the neuronal complex (a-helix), syntaxin 7 that of syntaxin 1 (b-helix), and vti1b (c-helix) and syntaxin 8 (d-helix) that of the N-and C-terminal domains, respectively, of SNAP-25 (ref. 15) .
Most important, the structure is remarkably similar to that of the neuronal SNARE complex. Least-squares superposition of all Cα atoms (228 atoms) of the present structure with the corresponding Cα atoms in the three crystallographically independent models of the neuronal SNARE complex gives root mean square (r.m.s.) deviations of 1.22, 1.29 and 1.10 Å. The superposition of only the conformationally invariant Cα atoms (83 atoms, marked in blue in Fig. 2b ) of the endosomal core complex gives r.m.s. deviations of 0.78, 0.68 and 0.63 Å, respectively, which is within the experimental uncertainty (see Methods). The latter superposition, together with increasing B-values towards both termini (Fig. 2c) , suggests that the conformation of SNARE complexes is less conserved towards their C-terminal ends, which also exhibit a higher sequence diversity 7 .
Structure of individual layers
The structures of the individual layers are very similar to the layers of the neuronal complex. Only small variations are seen in the relative positions of the Cα atoms, with mean r.m.s. deviation varying between 0.19 Å (0-layer) and 0.71 Å (+2-layer) (Fig. 2d) . Of the amino acids forming the layers (layers are numbered as in the neuronal complex; Fig.1 ), 29 out of 60 are identical and another 13 are homologous. Frequently, Ser and Thr side chains are incorporated into the otherwise mostly hydrophobic layer structures. Although abundant in SNARE layer positions, these side chains are rare in other leucine zippers. In SNARE complexes, the hydroxyl groups of these residues stabilize the individual helices by forming characteristic intramolecular hydrogen bonds with the backbone amide groups of the respec- (Fig. 3b) . Such stabilization may even overcome packing deficiencies in neighboring layer positions. An exchange of Ala to Thr in the yeast exocytotic SNARE Snc1/2p (snc1-1/snc2-1, layer 3) can rescue a defect caused by a Leu-toHis substitution in layer 1 of Sec9p 16 . Formation of these hydrogen bonds during assembly may assist in the progressive and directed formation of layers during assembly 4 .
Unexpectedly, two water molecules were found on the N-terminal side of layer -4 (Fig. 3b) . One water molecule (X23) has an intermediate B-factor (17.7 Å 2 ) and mediates interactions between the amide group of Gln 165 in the -4-layer of syntaxin 8, the hydroxyl group of Thr 156 of vti1b and the carbonyl oxygen of Ile 162 of syntaxin 8. The other water molecule (W7) exhibits a higher B-factor (55.9 Å 2 ) and forms hydrogen bonds with the amide oxygen of Gln 165 of syntaxin 8 and with the aforementioned water molecule. This Gln 165 of syntaxin 8 forms another hydrogen bridge to Asp 157 of vti1b, located on the surface of the complex. This interaction appears to be a specific feature of SNARE complexes involved in late endosome/lysosome fusion. A Gln instead of a hydrophobic residue in this layer position is found only in the known syntaxin 8 isoforms and in yeast Vam7p. A corresponding Asp or Glu is found in all members of the vti1 family from yeast to humans. Apparently, this interaction is important because functionally deficient mutants of yeast Vti1p include an exchange at this position 17 .
As in the neuronal complex, the arrangement of side chains in the -3-layer is highly asymmetric. All classical syntaxins contain a Phe in this position except for syntaxins 17 and 18, which contain a Val/Gln/His. The corresponding Gly in the c-helix is also conserved (except for an Ala in members of the gs28/Gos1-subfamily), confirming that the bulky Phe residue does not leave room for larger side chains without steric penalties 7 . Met 26 in layer -3 of endobrevin mediates the only polar interaction between neighboring layers by forming a weak hydrogen bond with Asn 29 (layer -2) of endobrevin (Fig. 3c) . These two residues belong to the most highly conserved residues within the R-SNARE subfamily, with the only exception being the ykt6 proteins.
The central 0-layer is the only hydrophilic layer of the neuronal and the endosomal complex (Fig. 4a) , and the residues forming the layer are most conserved compared to the conservation of the other layers 7 . One Arg from the R-SNARE connects with three Gln residues from the Q-SNAREs. Our endosomal structure verifies that the structure of this layer is indeed virtually superimposable with the neuronal 0-layer (Fig. 4c) . Amino acids forming layers -1 (Fig. 4b) and 1 (Fig. 4d ) are also identical (1) or conserved (-1) between neuronal and endosomal complexes. Sequence comparison shows that these layer positions are conserved and contain mostly small hydrophobic amino acids (Val, Ile and Leu), supporting the idea that these two flanking layers form a hydrophobic seal to shield the hydrophilic interaction of the 0-layer 6 .
Another highly asymmetric layer is layer 6 (ref. 7). R-SNAREs normally have a Phe (rarely Tyr), and syntaxins have an Ala or Gly in this position. More interesting, a Caenorhabditis elegans mutant with a syntaxin containing a Val instead of an Ala in this position shows a lethargic phenotype 18 . The d-position (amino acid derived from the d-helix, where 'd' stands for syntaxin 8 in the endosomal complex and the second helix of SNAP-25 in the neuronal complex) of layer 6 contains a Glu instead of an Ala as in the neuronal complex (Ala 195 in SNAP-25). How does the hydrophobic layer accommodate the presence of a charge? The structure shows that the carboxyl group is located 'outside' the layer (Fig. 4e) and, thus, does not interact with the other side chains of the layer. This Glu is conserved in all known syntaxin 8 isoforms and is stabilized by vti1b Arg 192 on the surface of the complex, which is the only positive charge in all c-helices at this position and found only in vti1b isoforms (and Lys in vti1s from Arabidopsis thaliana). Generally, the residue in the d-position of layer 6 is quite variable in other SNAREs and includes charged, polar or nonpolar side chains.
Surface interactions
The helix bundle is further stabilized by polar and ionic surface interactions. These include six pairs of complementary charges (Fig. 3a) , several of which are conserved between SNARE subfamilies. For instance, Glu 179 in syntaxin 7, as with the corresponding positions in the neuronal complex, forms a salt bridge with Arg 148 in vti1b. This Glu residue is highly conserved in syntaxins. Similarly, the Arg is found in the first SNARE motif of members of the SNAP-23/25/29 family. In the corresponding helices of the putative vacuolar fusion complex, the charges are swapped at this position, with a His in Vam3p and an Asp in Vti1p.
Another example of a conserved interaction is a salt bridge between Arg 32 of endobrevin and Asp 177 of syntaxin 8. In the The third example we wish to consider is Glu 207 of syntaxin 7, which forms a salt bridge with Arg 176 in vti1b. Again, this interaction is conserved: most syntaxins contain an Asp or Glu at this position, which is matched by an Arg or Lys (occasionally also Asn) in the c-helix SNARE motifs (except for members of the membrin and gs28/Gos1-subfamilies).
Conclusions
In summary, our results show that the structures of SNARE complexes are conserved to a much higher degree than one would expect from the overall sequence similarities. In particular, the arrangement of the central layers, the presumed functional region of the complex, shows only little variation between the endosomal and the neuronal complexes, indicating that even small deviations from this basic structure were not tolerated during evolution. Furthermore, the relative orientation of the individual helices and, thus, the surface groove structure of the complex are preserved. Our results also show how different SNARE subfamilies implement subtle changes to the overall structure -for instance, the switching of ion pairs or the accommodation of unusual layer amino acids, such as the Glu in layer 6. Although that such changes cannot be excluded from causing slight preferences for cognate versus noncognate SNAREs during assembly, the overwhelming structural similarities explain the promiscuous formation of SNARE complexes in solution 8, 9 and between liposomes, as long as the combined SNAREs contain each of an a-, b-, c-and d-helix 10 . Biological specificity is probably mediated mainly by accessory proteinsfor example, proteins that recognize the surface pattern of charges, polar and nonpolar side chains different between the endosomal and neuronal complexes.
In light of such conservation, we conclude that all SNARE core complexes consist of parallel four-helix bundles with a layer structure that matches the neuronal and endosomal complexes. We suggest that the evidence supporting other arrangements (see above) should be reexamined. Furthermore, the structure will greatly assist in the elucidation of the reaction path during assembly, the understanding of which is instrumental for determining the mechanism by which SNAREs fuse membranes.
Methods
Protein expression and purification. Fragments of rat endobrevin (residues 6-66), mouse vti1b (140-200), rat syntaxin 8 (149-209) and rat syntaxin 7 (169-229) were cloned into pET-28a using NdeI-XhoI. The proteins were expressed in Escherichia coli and purified using Ni 2+ -NTA-Agarose. After removing the His-tag with thrombin, proteins were further purified by ion exchange chromatography on an ÄKTA-FPLC system (Pharmacia). For assembly of complexes, equimolar amounts of the four protein fragments were incubated overnight at 4 °C. Complexes were purified by ion exchange chromatography using a Mono-Q column (Pharmacia). Fractions containing the complex were pooled, concentrated on a Mono-Q column and further purified using size exclusion chromatography on a Superdex 200 (HiLoad 16/60) column.
Crystallization and data collection. Crystals of the endosomal core complex were obtained at 20 °C by hanging drop vapor diffusion. In a typical experiment, 2 µl of the quaternary complex (20 mg ml -1 and 20 mM Tris-HCl, pH 7.4) were mixed with 2 µl of a reservoir solution containing 0.1 M Na acetate, pH 5.2, 2.5 M Na formate and 15% (v/v) glycerol. Crystals reach a maximum size of ∼0.4 × 0.2 × 0.2 mm 3 in 3-5 d and grow as epitaxial twins. For data collection, a single crystalline piece (0.08 × 0.15 × 0.2 mm 3 in size) was cleaved from a twinned crystal and transferred to a cryosolution containing 0.1 M Na acetate, pH 5.2, 2.5 M Na formate and 10% (v/v) glycerol. After equilibration for ∼1 min, the crystal was flash-cooled in liquid nitrogen. Data collection was performed at 100 K using a home-built cryo-apparatus. Diffraction data to 1.9 Å were collected from a single crystal on a Bruker M18X rotating anode X-ray generator equipped with focusing X-ray mirrors (Osmic Inc.) and operated at 50 kV / 100 A on a MAR345 (Mar Research Inc.) imaging plate detector. The data were integrated with DENZO and scaled with SCALEPACK 19 . Data analysis and merging of symmetryequivalent reflections was done with XPREP (Bruker-AXS Inc.).
Structure determination. Initial phases were determined by molecular replacement with EPMR 20 using chains A, B, C and D from the crystal structure of the neuronal SNARE complex 6 . Refinement and interactive model building were performed using CNS 21 and Xfit 22 . Structure analysis was done with PROCHECK 23 . Table 1 (Fig. 1) . First, the conformational variability of the ensemble of the three crystallographically independent complexes in the crystal structure of the neuronal SNARE complex (PDB code 1SFC) was established using error-scaled difference distance matrices 27 . All three models of the neuronal SNARE complex were identical at the 3 σ level -that is, all distances between Cα atoms differed by <3 σ (where σ is the experimental uncertainty in the measurement of the distance between two atoms) between the models. Using the same 3 σ cutoff to determine which part of the endosomal SNARE complex could be accommodated within the ensemble of the models of the neuronal SNARE complex, residues A12-A36, C144-C166 and D165-D199 were identified. The Cα atoms of these 83 residues were then used for least-squares superposition of the neuronal proteins onto the endosomal proteins (Fig. 2b) . The least-squares superposition was done using LSQKAB from the CCP4 suite 28, 29 .
Coordinates. The coordinates of the structure of the endosomal core complex have been deposited in the Protein Data Bank (accession code 1GL2). 
